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Objective: The purpose of this retrospective cross-sectional study was to investigate the association
between cartilage lesions assessed with 3T-MRI and remodeling of the subchondral bone detected by
99mTc-DPD-SPECT/CT.
Design: 99mTc-DPD-SPECT/CT and MRI of 27 knees of 25 patients with chronic knee pain and risk factors
for osteoarthritis (OA) were evaluated by one nuclear physician and one radiologist. Six regions of the
knee (in total 162 regions in 27 knees) were assessed according to structural joint lesions graded with a
modiﬁed Whole Organ MR imaging score (WORMS) and according to subchondral 99mTc-DPD-SPECT
uptake. Relationships between regional WORMS scores and uptake were quantiﬁed using general esti-
mating equations. In a secondary analysis the uptake sumwith the WORMS sum per joint was compared
using Spearman correlations.
Results: Elevated subchondral uptake was signiﬁcantly associated with the grade of cartilage lesions
(P < 0.0001). Mean uptake was signiﬁcantly higher subjacent to full thickness cartilage lesions compared
to partial thickness lesions (P < 0.0001). A similar association was observed between bone marrow
edema pattern (BMEP) and cartilage lesions. The sum of uptakes per joint was positively correlated to the
WORMS sum (rs ¼ 0.42) and to the sum of cartilage lesions per joint (rs ¼ 0.50).
Conclusion: Both functional and structural changes of the subchondral bone in terms of scintigraphic
osseous activity and the presence and degree of BMEP were signiﬁcantly associated with cartilage lesions
in patients with OA of the knee. This association was pronounced with full thickness lesions, indicating a
possible protective effect of the cartilage layer for the subjacent bone.
© 2015 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Osteoarthritis (OA) is a slowly developing chronic degenerative
joint disease that progresses over years. While impaired function or
damage of virtually all structures of the joint, including cartilage,
menisci, bone, synovia, ligaments and muscles, can contribute to
the initiation of the disease1, the development of joint degenerationM. Kretzschmar, Department
graben 4, CH 4031 Basel,
ax: 41-61-265-4660.
as), gabby.joseph@ucsf.edu
mian.wild@usb.ch (D. Wild),
f.edu (M. Kretzschmar).
ternational. Published by Elsevier Ltakes place in the cartilage and subchondral bone. The speciﬁc
contribution and interplay of both structures during the develop-
ment of OA are subject to controversial theories that regard the
cartilage2, the bone3 or both tissues in terms of a functional unit4 as
the primary location of onset. In vivo data using combined imaging
protocols to evaluate both cartilage and bone may provide better
understanding of the interactions between the two joint structures
in the onset and progression of OA.
Radiographic articular bone changes in OA follow typical
morphological patterns. The most common patterns are the sub-
chondral sclerosis, subchondral cysts and the formation of osteo-
phytes at the joint margins. Previous studies on the microstructure
of the subchondral bone plate and the subjacent bone marrow intd. All rights reserved.
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histomorphometry5, micro-CT6,7, HR-pQCT8, and HR-MRI9. These
morphological and microstructural changes can be seen as a result
of an altered bone metabolism. Since 99mTC-DPD-SPECT/CT mea-
sures 99mTC-DPD uptake as a functional parameter of bone meta-
bolism, it might be able to detect these early metabolic changes in
the onset of OA. Previous functional in vivo studies with bone-
seeking radiotracers such as 99mTc MDP bone scans showed an
enhanced bone remodeling in early stages of OA that preceded and
predicted radiological visible joint changes, such as narrowing of
the joint space and the formation of osteophytes10e14. These data,
however, were based on the comparison of scintigraphies with
radiographs that give only an indirect assessment of the cartilage
through the measurement of the joint space width. Also, the poor
spatial resolution of scintigraphies allows only a vague anatomical
localization of uptakes. With the higher resolution of hybrid im-
aging scanners such as 99mTC-DPD-SPECT/CT it is now possible to
localize areas of enhanced osseous activity with high precision
within the joint anatomy and to correlate it to more subtle
morphological alterations such as cartilage lesions as detected by
MRI.
The purpose of this observational cross-sectional study was to
evaluate the association between remodeling of the subchondral
bone using 99mTC-DPD-SPECT/CT and cartilage morphology using
MRI in patients with chronic knee pain and/or risk factors for the
development of OA.
Methods
Subjects
Based on a PACS inquiry and review of electronic charts, 25
patients were identiﬁed with an MRI and a 99mTC-DPD-SPECT/CT of
the knee performedwithin6months between 2011 and 2013. The
patients had to fulﬁll at least one of the following additional in-
clusion criteria: (i) chronic knee pain of at least 3 months duration
and (ii) risk factors for the development of OA such as a history of
knee surgery or knee trauma. Exclusion criteria were: (i) known
diagnosis of inﬂammatory or metabolic diseases such as rheuma-
toid arthritis, gout or septic arthritis, (ii) neoplastic diseases of the
examined knee, (iii) history of trauma or surgery of the examined
knee < 1 year prior to the ﬁrst imaging study. Eleven patients were
women (41%) and 14 men (59%). Mean age was 47.7 years (range
23e63 years). Two individuals had SPECT/CT and MRI of both
knees, resulting in a total of 27 knees. Mean interval between MRI
and SPECT/CT was 1.7 months with a range of 0 dayse6 months.
Knee symptoms such as pain or stiffness of the joint were reported
by 22 patients (88%). Twenty patients (80%), including the 3 sub-
jects without a report of symptoms, had a history of trauma or
surgery such as partial meniscectomy or ACL reconstruction at the
examined knee. Mean time interval between trauma or surgery and
the ﬁrst imaging study was 4.3 years (SD 9.7 years). The average
KellgreneLawrence grade (KL-grade)15 was 1.6 (range 1e3) with 15
knees graded KL1, 9 knees graded KL2 and 3 knees graded KL3. The
local review board approved the study protocol.
MRI
MRI examinations were performed on a 3 T scanner (Verio,
Siemens Heidelberg, Germany). The clinical MRI standard protocol
included 5 native sequences with the following parameters:
1 Turbo inversion recovery magnitude (TIRM) coronal plane: TE
42ms, TR 4600ms, inversion time 220ms, slice thickness 4mm,
matrix size 256  256, acquisition time 2 min.2 Turbo spin echo (TSE), T1-weighted coronal plane: TE 17 ms, TR
550ms, slice thickness 4 mm, matrix size 384 384, acquisition
time 3 min.
3 Turbo spin echo (TSE), proton density weighted with fat-
suppression sagittal plane: TE 43 ms, TR 3000 ms, slice thick-
ness 4 mm, matrix size 512  512, acquisition time 4 min.
4 Double echo steady state (DESS), 3D acquisition with water
excitation sagittal plane: TE 4.37ms, TR 15.56ms, slice thickness
3 mm, matrix size 448  448, acquisition time 4 min.
5 Turbo spin echo (TSE), T2-weighted axial plane: TE 87 ms, TR
3880 ms, slice thickness 4 mm, matrix size 512  512, acquisi-
tion time 3 min.99mTC-DPD-SPECT/CT
SPECT and CT of the knees were performed using two hybrid
SPECT/CT scanners, either Symbia T6 or Symbia T16 (Siemens,
Heidelberg, Germany). For SPECT 740MBq of 99mTc-Dicarbox-
ypropandiphosphate (DPD) in a saline dilution of 1.5e2 ml were
administered via a cubital i.v. injection. Image acquisition followed
2e3 h post injection. Imaging parameters for SPECT were: matrix
128  128, 5angular step, 32steps, 30 s/step, low energy high-
resolution collimator. Acquisition time 16 min. CT scan parame-
ters were: 130 kV, 130 mAs, collimation 6  1 mm, reconstructed
slice thickness 1.25 mm, reconstruction increment 0.8 mm.
Data analysis
One radiologist with 10 years experience in musculoskeletal
radiology and 5 years experience in musculoskeletal SPECT/CT
(M.K.) and one nuclear physician with 4 years experience in
musculoskeletal SPECT/CT (O.M.) evaluated independently the
SPECT/CT (O.M), radiographies and MRI data (M.K.). Both readers
were blinded for the results of the other imaging modality.
Radiography
Severity of radiographic knee OA was graded using the Kell-
greneLawrence grading scale (KL-scale).15
MRI
Structural joint changes of the knee were graded with a modi-
ﬁed Whole-Organ Magnetic Resonance Imaging Score (WORMS
score). The originally 15 regions were condensed to 6 regions: Pa-
tella, trochlea, medial femoral condyle, lateral femoral condyle,
medial tibia and lateral tibia16. Lesions at themeniscus were graded
separately in 6 regions (medial/lateral and anterior/body/posterior)
using the following 4-point scale: 0 ¼ normal, 1 ¼ intra-substance
abnormal signal, 2 ¼ non-displaced tear, 3 ¼ displaced or complex
tear, and 4 ¼ complete destruction/maceration. For the primary
analysis, cartilage was graded in 6 regions (patella, trochlea,
medial/lateral femur, and medial/lateral tibia) using the following
8-point scale: 0¼ normal thickness and signal intensity, 1¼ normal
thickness or swelling with abnormal signal in ﬂuid-sensitive se-
quences, 2 ¼ partial thickness focal defect <1 cm in greatest width,
2.5 ¼ full-thickness focal defect <1 cm in greatest width,
3 ¼multiple areas of partial thickness (grade 2) defects intermixed
with areas of normal thickness or a grade 2 defect wider than 1 cm
but <75% of the region, 4 ¼ diffuse (>75% of region) partial thick-
ness loss, 5 ¼ multiple areas of full thickness loss (grade 2.5) or a
grade 2.5 lesionwider than 1 cm but <75% of region, and 6¼ diffuse
(>75% or region) full thickness loss. Since only one region with a
grade 6 lesion was found, grade 5 and 6 were fused for the data
analysis. To analyze bone activity with regard to lesion depth we
categorized the lesions with a second scale according to the lesion
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partial thickness category and the WORMS grades 2.5 and 5 with
the one grade 6 lesion to the full thickness category. Since grade 1
resembles only signal changes, it was considered normal in this
scale.
BMEP, subchondral cysts and osteophytes were graded in all 6
regions separately. BMEP was deﬁned as an area of poorly
marginated increase in T2-signal intensity in the fat-suppressed
imaging sequences. Only BMEP lesions located adjacent to the
subchondral plate were included. These lesions were graded using
a 4-point scale: 0 ¼ none, 1 ¼ diameter <5 mm, 2 ¼ diameter
5e20 mm, and 3 ¼ diameter >20 mm. Subchondral cysts were
deﬁned as focal sharply marginated increases of T2-signal intensity
with corresponding reduced signal in the T1-weighted sequence.
Cysts were graded according to diameter with 0 ¼ no cyst, 1 ¼ cyst
<3 mm, 2 ¼ cyst 3e5 mm, 3 ¼ cyst >5 mm. Osteophytes were
graded with: 0 ¼ none, 1 ¼ mild, 2 ¼ moderate and 3 ¼ severe
osteophytes.
Degeneration and lesions of ACL, PCL, MCL, LCL were graded as
follows: 0 ¼ normal, 1 ¼ signal abnormalities around the ligament,
2 ¼ signal abnormalities within the ligament, 3 ¼ partial tear,
4 ¼ complete tear. Effusionwas graded 0 ¼ none, 1 ¼mild (<33% of
max. distension), 2 ¼ moderate (33e66% of max. distension),
3 ¼ severe (>66% of max. distension).
99mTC-DPD-SPECT/CT
Bone uptake of the subchondral bone plate and adjacent bone
marrow of all 6 regions was assessed visually and graded similar to
Draper et al. with a 3-point scale with 0 ¼ normal uptake,
1 ¼ moderately elevated uptake, 2 ¼ severely elevated uptake17.
Normal uptakewas deﬁned as a homogenous uptake distribution in
all regions with signal intensity equal to the adjacent normal bone
of the femoral or tibial metaphysis (Fig. 1B). Moderately elevated
uptake was deﬁned as focal signal inhomogeneity with moderate
intensity of 99mTc-DPD uptakes distinguishable in the SPECT images
(Fig. 2B). Severely elevated uptake was deﬁned as intense focal
spots of 99mTc-DPD-uptake with some suppression of background
uptake in the non-affected bone (Figs. 3A and 4B). To determine the
intra- and inter-reader agreement of the SPECT/CT, the reader of the
SPECT/CTs (O.M.) re-evaluated 10 randomly chosen patients after 9
months. Additionally the same subset of 10 SPECT/CT images was
read by a fellow in nuclear medicine (G.S.) who was not involved in
the ﬁrst reading to maintain the blinded design. Intra- and inter-
reader agreements were determined by calculation of Cohen's
kappa values. A kappa of 0 indicated poor agreement; 0.01e0.20,Fig. 1. A focal hyperintense signal alteration of the cartilage (WORMS grade 1) of the lateral
SPECT/CT of the corresponding region shows a normal distribution of scintigraphic uptakeslight agreement; 0.21e0.40, fair agreement; 0.41e0.60, moderate
agreement; 0.61e0.80, good agreement; and 0.81e1.00, excellent
agreement.
Statistical analysis
Statistical analysis was performed using JMP version 11 (SAS
Institute, Cary, NC, USA) and STATA version 12 software (Stata-
Corp LP, College Station, TX, USA). For the primary analysis the
regional association between subchondral bone uptake and
WORMS abnormalities (including cartilage lesions, BMEPs and
subchondral cysts) was analyzed using data from individual re-
gions (in total 162 regions of 27 knees) with general estimating
equations that account for multiple measurements per subject.
Also, interactions between regions, uptake and WORMS abnor-
malities were tested. Post-estimation pairwise comparisons of
least square means were tested with the DunneSidak correction
to adjust for multiple comparisons. An analogous model was
used to assess the association between regional BMEP lesions
and cartilage lesion scores.
For the secondary analysis metabolic activity per joint in rela-
tion to the degree of structural joint degeneration in X-rays and
MRI, the sum of the uptake scores of all 6 regions (total joint
uptake) was calculated per joint. The maximum score per joint
would have been 12. The severity of structural joint degeneration
was expressed with the KL-score (X-rays) and with the sum of all
WORMS parameters (WORMS sum). The highest possible score of
the modiﬁed WORMS version would have been 115. Furthermore,
the cartilage sum of all cartilage lesions of the 6 regions per joint
was calculated. The worst possible score per joint would have
been 36. Signiﬁcance of differences of the mean uptake between
the KL-scores was tested with the ANOVA test. Spearman corre-
lations were used to quantify the associations between the total
uptake per joint (calculated as the sum of uptake grades of all 6
regions) and: 1. the total WORMS score (calculated as the sum of
all WORMS scores of all regions per joint) and 2. the cartilage
score per joint (calculated as the sum of cartilage scores of the 6
regions).
To calculate the prevalence ofWORMS ﬁndings (cartilage, BMEP,
meniscus, cysts and osteophytes) and SPECT uptake, the data of
these parameters was dichotomized. WORMS cartilage and
meniscus lesion of the grades >1 were counted as present. BMEP
and subchondral cysts with grades >0 were counted as present
lesions. SPECT/CT uptake was dichotomized counting the grades 1
and 2 as present lesions.tibia is shown in the fat-suppressed sagittal PD weighted MRI sequence (A, arrow). The
of the lateral tibial bone (B).
Fig. 2. MRI of a patient with an ACL reconstruction shows a partial thickness lesion of the cartilage < 1 cm (WORMS grade 2) of the lateral tibia (A, arrows). The SPECT/CT reveals a
compared to the surrounding osseous structures moderately elevated bone turnover (grade 1) (B, open arrow).
Fig. 3. The SPECT/CT shows a strong focal uptake (grade 2) of bone (A, open arrow) subjacent to a focal lesion of the patellar cartilage (WORMS grade 2.5) with a ﬁssure extending to
the subchondral bone (B, arrow). A corresponding BMEP lesions can be seen in the fat saturated PD weighted sequence (C, arrow heads).
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Reproducibility measurements
Comparing the training sample results of both readers (O.M. and
G.S.) and the reading results of one reader (O.M.) after two sessions
a good inter-reader agreement was found with a kappa value of
0.64 (95% CI 0.52e0.76). The intra-reader agreement was excellent
with a kappa value of 0.87 (95% CI 0.79e0.95).Prevalence of MRI and 99mTc-DPD-SPECT/CT ﬁndings
The prevalence of WORMS cartilage lesions and SPECT uptakes
was relatively equally distributed among the regions (Table I). The
patella (18 knees, 66%) and medial femoral condyle (15 knees, 56%)
showed the highest prevalence of cartilage lesions, while the
medial tibia (8 knees, 30%), showed the lowest. There was an in-
crease of the prevalence of cartilage lesions with KL-grade from 53%
(KL1) and 78% (KL2) to 100% (KL3). However, this association was
Fig. 4. Extensive cartilage loss (WORMS grade 5) of the patella and trochlea is shown in the MRI (A, white arrows) with extensive BMEP (grade 3) of the femur (A, arrow heads). The
SPECT/CT shows a markedly elevated bone uptake (grade 2) of the patellar and femoral subchondral bone (B, open arrows).
Table II
99mTc-DPD SPECT/CT regional uptake by regional WORMS grades
WORMS Uptake
n* ny %z meanx
Cartilage
0 82 29 35.3 0.49 (0.31e0.68)
1 4 3 75 0.73 (0.01e1.44)
2 33 18 55.4 0.78 (0.52e1.05)
2.5 12 11 92 1.47 (1.05e1.89)
3 18 11 61 0.83 (0.47e1.18)
4 5 4 80 1.28 (0.63e1.93)
5 8 8 100 1.68 (1.16e2.19)
Partial/Full thickness lesions
0 86 32 37.2 0.51 (0.31e0.68)
1 56 33 58.9 0.84 (0.63e1.05)
2 20 19 95 1.56 (1.23e1.88)
Bone marrow edema
0 136 63 46.3 0.62 (0.45e0.79)
1 10 9 90 1.48 (0.98e1.98)
2 11 8 72.2 1.31 (0.86e1.76)
3 5 4 80 1.54 (0.86e2.23)
Subchondral cyst
0 157 79 50.3 0.7 (0.52e0.89)
O. Maas et al. / Osteoarthritis and Cartilage 23 (2015) 1713e1720 1717not signiﬁcant (P ¼ 0.201). The highest prevalence of uptakes was
found in the patella (17 knees, 63%) and in the lateral tibia (16
knees, 59%). Themedial and the lateral femoral condyle showed the
lowest prevalence of elevated uptakes (11 knees, 41%). The preva-
lence of BMEPs was 3 times lower compared to the uptakes, with
highest prevalence of BMEP lesions found in the lateral femoral
condyle of 8 knees (30%). The lowest prevalence of BMEPs was
found in the trochlea (2 knees, 7%). Subchondral cysts had the
lowest overall prevalencewith 5 cases, located in themedial tibia (3
knees, 11%) and the trochlea and patella (each one case, 4%).
Meniscus lesions were found in 15 knees (56%) and injuries of
ligaments were found in 6 knees (22%) not counting normally
appearing ACL reconstructions. A joint effusionwas found in 6 cases
(22%).
Comparison of MRI and 99mTc-DPD-SPECT/CT ﬁndings per region
Comparing MRI and SPECT/CT measurements on the level of the
162 regions using a general estimating equations model, a signiﬁ-
cant increase of adjusted uptake means with increasing cartilage
score (P < 0.0001) was found. The lowest mean uptakewas found in
regions without cartilage lesions (WORMS grade 0, mean uptake
0.49 [CI 0.31e0.68]) and the highest mean uptake in regions with
most severe cartilage lesions (WORMS grade 5, mean uptake 1.68
[CI 1.16e2.19]) (Table II, Figs. 4 and 6). Interestingly, the two highest
uptake means among the cartilage strata were associated with the
grades describing full thickness lesions (2.5 ¼ full thickness lesion
<1 cm diameter, mean uptake 1.47 [CI 1.05e1.89] and 5 ¼ full
thickness lesions >1 cm, mean uptake 1.68 [CI 1.16e2.19]). WhenTable I
Prevalence* of WORMS lesions and elevated uptake by regions
WORMS Regions
P Tr MFC LFC MT LT
Cartilage 18 (66) 13 (48) 15 (56) 12 (44) 8 (30) 14 (52)
BMEP 3 (11) 2 (7) 4 (15) 8 (30) 4 (15) 5 (16)
Cyst 1 (4) 1 (4) 0 0 3 (11) 0
Osteophytes 9 (33) 7 (26) 18 (66) 15 (56) 2 (7) 6 (22)
Uptake 17 (63) 15 (56) 11 (41) 11 (41) 14 (52) 16 (59)
* Number of patients (% of cohort).condensing the cartilage WORMS scale to a 3-point scale of carti-
lage lesions depth, signiﬁcantly higher uptake means of full thick-
ness lesions (WORMS grades 2.5 and 5) (Figs. 3 and 4) compared to
partial thickness lesions (WORMS grades 2,3,4) (P ¼ 0.01) (Fig. 2)
and compared to cartilage with normal or altered T2 signal
(WORMS grades 0 and 1) (P < 0.0001) were found (Table II,
Figs.1,6). Remarkably, 29 regions (35.3 %) with normal cartilage and1 0 / / /
2 3 3 100 2.1 (1.25e2.95)
3 2 2 100 2.37 (1.26e3.48)
Osteophytes
0 105 51 48.6 0.73 (0.53e0.94)
1 38 22 57.9 0.68 (0.39e0.96)
2 14 7 50 0.76 (0.30e1.22)
3 5 4 80 1.69 (0.91e2.46)
* Number of compartments with grades of WORMS scores.
y Number of compartments with positive uptake (grade 1 and 2).
z Prevalence of compartments with positive uptake within the respective
WORMS grade.
x Least square means of uptake adjusted for random effects of individuals and
compartments (95% conﬁdence interval).
Fig. 5. Linear regression of the total sum of all WORMS scores (WORMS sum) and the
sum of focal uptakes (Uptake sum) per joint showing a moderate Spearman correlation
(A). A more pronounced positive Spearman correlation was found between the sum of
cartilage WORMS grades and the sum of focal uptakes per joint (B).
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increased uptake.
Similar to the association between cartilage lesions and uptake,
a signiﬁcant positive association between cartilage WORMS scores
and BMEP scores was found (P < 0.0001). BMEP lesions were
signiﬁcantly associated to the depth of cartilage lesions with full
thickness lesions showing an adjusted mean BMEP score of 1.35 (CI
1.08e1.62) that was signiﬁcantly higher compared to partial
thickness lesions (mean 0.24 CI 0.08e0.41, P ¼ 0.001) and cartilage
without lesions (mean 0.07 CI 0.06e0.20, P < 0.0001) (Table III,
Figs. 3, 4 and 6). In 4 out of 82 regions (4.7%) with normal cartilage a
BMEP was present. Uptake was signiﬁcantly associated with the
presence of BMEP lesions (P < 0.0001), whereas the size of BMEP
lesions (WORMS grades 1e3) was not signiﬁcantly inﬂuencing the
adjusted means of uptake (P ¼ 0.976e1.000), (Table II). Out of 136
regions without BMEP, 63 regions (46%) showed an elevated up-
take. On the other hand, out of 26 regions with BMEP lesions, only 4
(15%) regions without a focal uptake were found. No signiﬁcant
associationwas found between uptake and osteophytes of the same
region (P ¼ 0.12), (Table II). No interaction between the regions and
the outcome parameters uptake and WORMS lesions was found.
Comparison of MRI and 99mTc-DPD-SPECT/CT ﬁndings per knee joint
The overall joint degeneration as expressed with the sum of all
WORMS parameters (WORMS sum) ranged from 1 to 44 (mean19.3, CI 14.7e23.7). The cartilage lesion load per joint (cartilage
sum) ranged from 0 to 21.5 (mean 10.9, CI 8.4e13.3). The sum of
uptake scores per joint (uptake sum) ranged from 0 to 12 (mean 5.9,
CI 4.4e7.3). Comparing the uptake sum per joint with the WORMS
sum per joint, a moderate signiﬁcant positive correlation (rs¼ 0.42,
CI 0.01e0.67, P ¼ 0.028) was found (Fig. 5A). A stronger moderate
positive correlation was found between uptake sum and the
cartilage sum per joint (rs¼ 0.50, CI 0.14e0.73, P¼ 0.0078) (Fig. 5B).
Correspondingly the sum of uptake scores per joint increased
signiﬁcantly with the KL-grade of joint degeneration in the knee X-
rays with mean uptakes of 4.47 (95% CI 2.59e6.33) for KL1 and 7.66
(95% CI 5.25e10.08) for KL 2, P¼ 0.041. KL3 was not included in this
analysis because of the small number of knees (n ¼ 3).
Discussion
The results of our study demonstrate a signiﬁcant association
between cartilage lesions and elevated bone turnover as measured
with 99mTc-DPD-SPECT/CT. The osseous activity was particularly
pronounced subjacent to full thickness lesions, regardless of their
transversal size (WORMS grade 2.5 <1 cm and WORMS grade 5e6
>1 cm). Moreover, BMEP lesions were signiﬁcantly associated with
increased osseous metabolic activity.
Previous studies correlating functional measurement of bone
metabolism with morphological changes in OA compared bone
scans and radiographs. For example, Hutton et al. reported an
elevated scintigraphic activity in joints without radiographic signs
of OA of the hands of patients with nodal OA12. In longitudinal
studies bone uptakewas found to precede the onset of radiographic
nodal OA and to be predictive for the progression of the disease
after 3e5 years13. Similar results were reported byMcCray et al. and
Dieppe et al. on knee OA, pointing at the discrepancy between the
degree of radiographic OA and the scintigraphic activity at base-
line10,14. Based on these observations and on data that indicate an
increased stiffness of the subchondral bone prior to the develop-
ment of cartilage lesions, it was hypothesized that the sclerotic
subchondral bone may be the primary location of the onset of
degeneration, leading to an increased mechanical stress on the
overlaying cartilage18. Since an epidemiological study on MRI
ﬁndings in knees of normal subjects with no or only questionable
signs of radiographic OA (KL0-1) showed a substantial prevalence
of focal cartilage lesions (86%)19, it can be assumed that some of the
elevated uptakes in radiographically normal knees as described by
McCray and Dieppe were actually associated with cartilage lesions.
Also, in our study sample of patients with a low average KL-grade of
1.6, we found a high prevalence of MRI detected cartilage lesions in
patients with KL1 (53%). Moreover, subchondral SPECT activity was
found in knees with KL1 grades (and signiﬁcantly increased with
KL2) as well as with focal cartilage lesions. These ﬁndings may
explain some of the above-mentioned discrepancies. However, it is
noteworthy that a high prevalence of uptakes was found in regions
with normal cartilage (35%) and it remains to be investigated
whether these uptakes precede the onset of a cartilage lesion.
Depth of cartilage lesions was not only associated with
increased metabolic activity of the bone but also with the presence
and degree of BMEP lesions. This ﬁnding is in concordance with
several other studies: Kijowski et al. investigated the prevalence of
BMEP lesions under arthroscopically graded cartilage lesions and
found a signiﬁcant positive association of BMEP lesions with the
depth of cartilage lesions (graded with the Noyes classiﬁcation)20.
Also Carrino et al.21,studying the relationship between BMEP le-
sions and subchondral cysts in 32 symptomatic patients, reported
an association between cartilage lesions and the presence of BMEP
lesions. Our ﬁndings and the studies of Kijowski and Carrino indi-
cate that both functional and structural changes of subchondral
Fig. 6. Least square means of regional uptake and BMEP grades, adjusted for random effects of individuals and regions. The error bars indicate the standard errors. Numbers are
differences of means (95% CI). Signiﬁcance of differences of means was adjusted for multiple comparisons with the DunneSidak correction.
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overlaying cartilage even in subjects with radiographically normal
knees.
Subchondral bone uptake was signiﬁcantly associated with the
presence of BMEP lesions. The relation was, however, asymmetric
with 46% positive uptakes in regions without BMEP and only 15%
BMEP lesions in regions without uptakes. Moreover, subchondralTable III
WORMS regional bone marrow edema by regional WORMS cartilage
WORMS cartilage WORMS BME
n* ny %z meanx
Cartilage
0 82 4 4.7 0.08 (0.05e0.21)
1 4 0 0 0 (0)
2 33 3 9.1 0.18 (0.03e0.38)
2.5 12 8 66.7 1.16 (0.81e1.51)
3 18 4 22.2 0.39 (0.11e0.67)
4 5 1 20 0.18 (0.35e0.72)
5 8 6 75 1.63 (1.20e2.05)
Partial/Full thickness lesions
0 86 4 4.7 0.07 (0.06e0.20)
1 56 8 14.3 0.24 (0.08e0.41)
2 20 14 70 1.35 (1.08e1.62)
* Number of compartments with grades of WORMS scores.
y Number of compartments BMEP (grade 1e3).
z Prevalence of compartments with BMEP within the respective WORMS grade.
x Least square means of uptake adjusted for random effects of individuals and
compartments (95% conﬁdence interval).uptakes were detected 3 times more often than BMEP lesions in
regions without a cartilage lesion. A similar observation was re-
ported by Draper et al., who compared NaF-PET/CT with MRI in
patients with patellofemoral pain. While cartilage lesions and
BMEP lesions often co-occurred in regions with increased NaF
uptake (that indicates increased bone metabolism, similarly to
99mTc-DPD), 49% of uptakes were detected without the presence of
cartilage or bone marrow lesions17. One explanation could be that
99mTc-DPD-SPECT/CT is more sensitive to early reactive bone
changes while BMEP lesions constitute a later stage of bone
involvement with already developed structural changes of the bone
marrow as recently shown by Kazakia et al.8. Whether these up-
takes subjacent to normal cartilage are a result of altered loading of
the region or indicate initial manifestations of degeneration prior to
the development of cartilage lesions remains unclear. The fact,
however, that bone metabolism increased with cartilage lesion
depth, reaching a prevalence of 95% with full thickness lesions may
be indicative of a possible protective function of the cartilage layer
with regard to mechanical load on the underlying bone.
The limitations of this study are the following: We did not
compare our ﬁndings to a normal control group since the appli-
cation of an SPECT/CT, with its radiation exposure to healthy vol-
unteers, would be difﬁcult due to ethical considerations. We could
not correlate our imaging ﬁndings with histology or microstruc-
tural methods like HR-pQCT. We did not correlate MRI or SPECT/CT
ﬁndings with the severity of joint pain. With the 3-step visual
grading system a reader dependent method to evaluate the in-
tensity of osseous uptake compared to normal appearing bone was
O. Maas et al. / Osteoarthritis and Cartilage 23 (2015) 1713e17201720used. However, the intra- and inter-reader agreements were good.
The ﬁndings of this study should therefore be veriﬁed with quan-
titative measures of bone metabolism such as NaF PET/CT or with a
recently developed quantitative SPECT/CT method. Fused SPECT/CT
images were used to locate the SPECT uptake within the joint
anatomy, thus a potential bias due to the CT morphology of sub-
chondral cysts and subchondral sclerosis could have inﬂuenced the
results. However, we consider the inﬂuence of this bias on the
relation between uptake and cartilage lesions and BMEP as very
limited, since these structures are not directly visible in SPECT/CT.
Since this is a cross-sectional study, inferences on cause-effect re-
lationships cannot be made.
In conclusion this study showed an association between the
osseous activity of the subchondral bone and bone marrow
detected with 99mTc-DPD-SPECT/CT and lesions of the overlaying
cartilage in patients with OA of the knee. This association was
pronounced, with full thickness lesions indicating a possible pro-
tective effect of the cartilage layer on the subjacent bone. There
was, however, a high prevalence of uptakes in regions with normal
cartilage and it remains to be investigated with a longitudinal study
whether these uptakes precede the onset of a cartilage lesion.
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